Large ground-and space-based telescopes will be able to observe Earth-like planets in the near future. We explore how different planetary surfaces can strongly influence the climate, atmospheric composition, and remotely detectable spectra of terrestrial rocky exoplanets in the habitable zone depending on the host star's incident irradiation spectrum for a range of Sun-like host stars from F0V to K7V. We update a well-tested 1D climate-photochemistry model to explore the changes of a planetary environment for different surfaces for different host stars. Our results show that using a wavelength-dependent surface albedo is critical for modeling potentially habitable rocky exoplanets.
INTRODUCTION
With dozens of Earth-sized planets already discovered, the next step in the search for life beyond our Solar System will be the characterization of the atmospheres of terrestrial planets and the search for signs of life on planets in the Habitable Zone (HZ).
Gathering spectra of the atmospheres of potentially habitable exoplanets is one of the aims of several upcoming and proposed telescopes both on the ground and in space like the James Webb Space Telescope (JWST) and the Extremely Large telescopes (ELTs), such as the Giant Magellan Telescope (GMT), Thirty Meter Telescope (TMT), and the Extremely Large Telescope (ELT) and several missions concepts like Arial (Tinetti et al. 2016) , Origins (Battersby et al. 2018) , Habex (Mennesson et al. 2016 ) and LUOVIR (The LUVOIR Team 2018). Future ground-based ELTs and JWST are designed to be capable of obtaining first measurements of the atmospheric composition of Earth-sized planets (see e.g. Kaltenegger & Traub 2009; Kaltenegger et al. 2010; Stevenson et al. 2016; Barstow & Irwin 2016; Hedelt et al. 2013; Snellen et al. 2013; Rodler & López-Morales 2014; Bétrémieux & Kaltenegger 2014; Misra et al. 2014; García Muñoz et al. 2012) .
Surface reflection plays a critical role in a planet's climate due to the varying reflection of incoming starlight on the surface, depending on the surface composition. 1D models commonly used to simulate terrestrial exoplanet atmo-E-mail: jmadden@astro.cornell.edu spheres such as, Chemclim (Segura et al. 2010 (Segura et al. , 2005 (Segura et al. , 2003 , ATMOS (see, e.g. Arney et al. 2016) , and earlier versions of ExoPrime (Rugheimer & Kaltenegger 2018; Rugheimer et al. 2013 ) use a single, wavelength-independent albedo value for the planet, which has been calibrated to reproduce present-day Earth conditions for present-day Sun-like irradiance.
Even though this average value for Earth's albedo is well calibrated to reproduce a similar climate to the wavelengthdependent albedo for present-day Earth orbiting the Sun, the particular average value will vary strongly if the incident stellar SED changes from a Sun-analog to a cool M star or hotter F star. For example, the cooling ice-albedo feedback is smaller for M stars than for G stars (Shields et al. 2013; Abe et al. 2011 ) because ice reflects strongest in the visible shortwave region. In contrast, cool M stars emit most of their energy in the red part of the spectrum. The climate conditions driving the snowball-deglaciation loop in models show a dependence on the stellar type, which has an impact on long-term sustained surface habitability (Abe et al. 2011; Shields et al. 2014; Abbot et al. 2018) . The relationship between the surface albedo and the stellar SED can lead to a substantial difference in the heating of a planet. We focus on F, G, and K-stars because M-stars pose a unique challenge for climate modeling due to the potential for planets to be tidally locked in the habitable zone and high stellar activity.
2018 ; Rugheimer & Kaltenegger 2018) have shown that surface albedo, as well as cloud coverage, is an essential factor for atmospheric as well as surface biosignature detection.
However, no study has explored the feedback for a range of different surfaces on the climate, photochemistry, habitability, and observable spectra of planets in the HZ orbiting a wide range of stars. The modeled climate of a planet with a flat surface albedo only responds to differences in the total incident flux received whereas a planet with a non-flat surface albedo, responds to the wavelength dependence of that flux. Thus, a wavelength-dependent surface albedo is critical to assess the differing efficiencies of incoming stellar SED to heat or cool the planet. Depending on the surface, the effectiveness changes, and cannot be captured with one single value for the albedo at all wavelengths for stars with different SEDs.
Another critical issue that has not been explored is that the average surface albedo value commonly used encompasses the heating as well as cooling of clouds in addition to the reflectivity of a planet's surface. We address this by first exploring the contribution of clouds to the overall albedo for present-day Earth and separating that effect from the surface for present-day Earth. This separation is critical to be able to assess the influence of the surface environment on the planet's climate. Note that there is no self-consistent model that predicts the cloud feedback with different stellar types or stellar irradiance. Thus we keep the cloud component constant in our model comparison for different host stars, to isolate the effect of changing planetary surfaces.
Our paper demonstrates the importance of including the wavelength-dependent feedback between a planet's surface and a planet's host star for Earth-like planets in the HZ. We focus on the change in a planet's climate, its surface temperature as well as atmospheric species including biosignatures, which can indicate life on a planet: Ozone and oxygen in combination with a reducing gas like methane or N2O (Lovelock 1965; Lederberg 1965; Lippincott et al. 1967) . Other atmospheric components we highlight are climate indicators like water and CO2, which in addition to estimating the greenhouse gas concentration on an Earthlike planet, can also indicate whether the oxygen production can be explained abiotically (e.g. Des Marais et al. 2002; Kaltenegger 2017) . Section 2 describes our models, section 3 presents our results and section 4 a discussion.
METHODS

Planetary Model
A star's radiation shifts to longer wavelengths with cooler surface temperatures, which makes the light of a cooler star more efficient in heating an Earth-like planet with a mostly N2-H2O-CO2 atmosphere (Kasting et al. 1993) . This is partly due to the effectiveness of Rayleigh scattering, which decreases at longer wavelengths. A second effect is an increase in near-IR absorption by H2O and CO2 as the star's spectral peak shifts to these wavelengths. That means that the same integrated stellar flux that hits the top of a planet's atmosphere from a cool red star warms a planet more efficiently than from a hot blue star. Thus the stellar irradiance and the resulting orbital distance where a planet will show a similar surface temperature depends on the stellar host's SED.
To establish the incident irradiation which produces similar surface temperatures for different host stars, we reduce the incident stellar flux at the moist greenhouse HZ limits for planet models with 1 Earth-mass (Kopparapu et al. 2013) and fit it to the incident flux of present-day Earth for a G2V star to estimate the stellar irradiation for each stellar type. The HZ is a concept that is used to guide remote observation strategies to characterize potentially habitable worlds. It is defined as the region around one or multiple stars in which liquid water could be stable on a rocky planet's surface (Kasting et al. 1993; Kaltenegger & Haghighipour 2013; Kane & Hinkel 2013; Kopparapu et al. 2013; Ramirez & Kaltenegger 2016 , facilitating the remote detection of possible atmospheric biosignatures (see e.g. review Kaltenegger 2017) .
This approach provides surface conditions similar to modern Earth of 288K ± 2% across all stellar types for a wavelength-independent, fixed surface albedo (284 K for the K7V to 292K for the F0V host star).
Atmospheric Model
For this study, we update exo-Prime to include a wavelengthdependent surface albedo. Exo-Prime (see e.g. Kaltenegger et al. 2010) , is a coupled 1D iterative radiative-convective atmosphere code with a line by line radiative transfer code, developed for rocky exoplanets. We update exo-Prime to include i) the updates in ATMOS (see Arney et al. 2016) in the climate and photochemical model as well as ii) a decoupled cloud and surface albedo and iii) wavelength-dependent albedo in all calculations, instead of a single average value.
The code is based on iterations of a 1D climate (Kasting & Ackerman 1986; Pavlov et al. 2000; Haqq-Misra et al. 2008) , and a 1D photochemistry model (Pavlov & Kasting 2002; Segura et al. 2005 Segura et al. , 2007 , which are run to convergence (see details in Segura et al. 2005) . Visible and near-IR shortwave fluxes are calculated with a two-stream approximation, including atmospheric gas scattering (Toon et al. 1989) , and longwave fluxes in the IR region are calculated with a rapid radiative transfer model (RRTM). We use a geometrical model in which the average 1D global atmospheric model profile is generated using a plane-parallel atmosphere, treating the planet as a Lambertian sphere, and setting the stellar zenith angle to 60 degrees to represent the average incoming stellar flux on the dayside of the planet (see also Schindler & Kasting 2000) . A reverse-Euler method within the photochemistry code (originally developed by Kasting et al. (1985) ) contains 220 reactions to solve for 55 chemical species. The radiative transfer code to model reflected planetary spectra in Exo-Prime was originally developed to study Earth spectra (Traub & Stier 1976) and later adapted for exoplanet use (Kaltenegger et al. 2007; Kaltenegger & Traub 2009 ). We calculate light transmission at a resolution of 0.01cm −1 from 0.4 to 2 microns providing a minimum resolving power of 100,000 at all wavelengths.
We divide the atmosphere into 100 layers for our model up to an altitude of at least 60 km, with smaller spacing towards the ground. We present the spectra at a resolution of 100 for clarity in the figures of this paper. Figure 1 . Incident stellar flux for our model planets for host stars with T ef f 7,400K to 3,900K, corresponding to main sequence stars F0V to K7V from ATLAS models.
Stellar Spectra
The effects of wavelength-dependent surface and cloud albedo on habitability are most apparent across star type. We used ATLAS models (Castelli & Kurucz 2004) for the F, G, and K star input spectra ( Fig. 1) . We scale the spectra from these sources to provide stellar irradiation at a model planet's position, which provides similar surface temperatures for the single wavelength-independent albedo setup (as explained in section 2.1).
Initial Conditions
In our models, we keep the outgassing rates for H2, CH4, CO, N2O, and CH3Cl constant, and set the mixing ratios of O2 to 0.21 and CO2 to 3.55×10 −6 , with a varying N2 concentration that is used as a fill gas to reach the set surface pressure of the model (see also Segura et al. 2005 Segura et al. , 2003 Rugheimer et al. 2013 Rugheimer et al. , 2015a Rugheimer & Kaltenegger 2018) . Note that by keeping the outgassing rates constant, lower surface pressure atmosphere models initially have slightly higher mixing ratios of chemicals with constant outgassing ratios than higher surface pressure models. The dominant parameters we vary between simulations are the host star type and planetary surface albedo. Other parameters were altered slightly to aid in a more rapid convergence of the model, such as atmosphere height, and height of convection.
Albedos
The surface albedo in the 1D iterative climatephotochemistry code we updated for this study (Kasting & Ackerman 1986; Kasting et al. 1979; ZAHNLE et al. 2006 ) was a single value from 0.237µm to 4.55µm. To simulate Earth conditions for solar irradiation at Earth's orbital position with a single albedo, a value of 0.31 is used for all wavelengths (e.g. Arney et al. 2016) . To examine how different surfaces influence a planet's climate, we updated the code to read in a wavelength-dependent albedo value. to create an average present-day Earth surface albedo from 8 raw albedos of snow, water, coast, sand, trees, grass, basalt, and granite ( Fig. 2 ). If the data was not complete in the UV, we extended the albedo constantly using the nearest value (these extensions affected regions smaller than 0.1 microns). For Earth clouds, we use the Modis 20µm cloud albedo model (King et al. 1997; Rossow & Schiffer 1999) (Fig.  3) , which provides an average for many clouds of different droplet size. We then used this Earth surface albedo to determine what fractional addition of clouds results in the same surface temperature as the model using a flat albedo of 0.31. As discussed further in the results section, we find that using 44% cloud coverage in combination with the wavelengthdependent surface albedo of present-day Earth reproduces the same surface temperature and climate as the original albedo treatment of a single value of 0.31.
Note that the cloud fraction mimics the combined effect of warming and cooling due to clouds, which is why the fraction is lower than modern Earth's actual cloud fraction, which is between 50% and 70% (Stubenrauch et al. 2013 ). Because of unknown cloud feedback for host stars with different SEDs, we then keep the cloud properties, reflectivity, and coverage constant to explore the influence of the surface albedo on the planet's climate and spectra for different host stars.
RESULTS
We model Earth-like planets with different surfaces for a representative grid of 12 host stars from F0 to K7 in approximately 350K effective surface temperature steps. Figures 4 and 5 show the temperature profiles along with the mixing ratio profiles of the major atmospheric chemicals of interest for characterization and biosignature detection H2O, O3, CH4, and N2O for planets with different surfaces with and without clouds. In this paper, we present the detailed temperature and chemical profiles of a select subset of 3 stars (K2V, G2V, F2V) and the spectra for a subset of 4 stars (K2V, G2V, F2V, F0V) in the figures for clarity.
Surface Temperature for Earth-like Planets
Using our wavelength-dependent Earth surface albedo in combination with a 44% cloud fraction, we compare the results for our Earth-like planet models for each host star type to the flat albedo models. Fig. 6 shows that the deviation of the resulting surface temperature becomes larger as the stellar type becomes more different from the Sun. The wavelength-dependent Earth albedo is less reflective in the near IR than the flat albedo, which causes the planetary surface to become hotter around redder stars and cooler around bluer stars. For an Earth-analog surface, which the 1D flat albedo models were calibrated for, where the surface is dominated by 70% ocean, our results show that the wavelength dependence of the surface albedo increases the average surface temperature by up to 5K and decreases it by down to 1K (Fig. 6 ). However, the effects can be much stronger for planets that do not have modern Earth-analog mixed surfaces.
Our models show that planetary surface temperature generally increases with decreasing effective temperature of . Surface albedos used in combination to create the modern Earth surface albedo. We also use those surfaces separately to explore the climate effects of (left) a single or (right) mixed oceanland surface albedo. Albedos are sourced from the ASTER and USGS spectral catalogs. Mixed surfaces in this figure all contain 70% ocean and 30% of the specified surface. the host star, and temperature inversions in the upper atmosphere of the planet decrease ( Fig.4 (see also Segura et al. 2007; Rugheimer et al. 2015b ). The absolute surface temperature generally is higher for clear atmosphere models as expected due to the high reflectivity of clouds. The surface temperature of ocean-worlds is higher due to the lower reflection of oceans compared to granite or basalt surfaces, which show higher surface temperatures than desert-and jungle-worlds.
While the trend of increasing surface temperature with decreasing host star effective temperature also holds for planets with similar surfaces, different surfaces can reduce the magnitude significantly e.g. an ocean-planet orbiting an F-star shows hotter surface temperature than a rocky planet orbiting a K-star (see Fig.4 ).
The chemical profiles in Figures 4 and 5 show an increase in methane and N2O concentrations as expected for host stars with lower surface temperatures, especially in the upper atmosphere (see also Segura et al. 2007; Rugheimer et al. 2015b ). The ozone concentration increases for host stars with lower surface temperatures as discussed in several papers (e.g. Segura et al. 2005 Segura et al. , 2007 Rugheimer et al. 2015b Rugheimer et al. , 2013 .
Surface Temperature of Water-, to
Desert-worlds around different host stars
To explore how the spectral type of the host star influences different kinds of potentially habitable worlds, we first model a planet covered entirely with a single surface, e.g. ocean covered water worlds (using the surface albedo of oceans), desert worlds (sand), jungle worlds (trees and grass) and rocky worlds (basalt and granite) with and without clouds.
Since these single-surface planets have unique, non-flat surface albedos, their climates each respond differently to host stars with different SEDs. As a second step, we created a set of wavelength-dependent ocean-land surface models comprising of the wavelength-dependent albedo of one unique surface combined with 70% ocean coverage. Fig. 7 shows the average surface temperature differences between models assuming a flat 0.31 albedo and water-, jungle-, rockyand desert-planets (top panel) and land-ocean surface coverage for clear and cloudy atmospheres (bottom panel). These results show that the surface of a planet can have a significant impact on the surface temperature of an exoplanet, and potentially alter habitability. For our single surface models, using a wavelength-dependent albedo instead of the constant albedo value changes the surface temperature for up to +35 K for an ocean planet orbiting an F0 host star and -10K for a cloudy jungle-planet orbiting a K7 host star (Fig. 7) .
How Surfaces influence Spectra
We model the reflection spectra of Earth-like planets with different surfaces in the Habitable Zone to explore how different surfaces influence the spectra of potentially habitable worlds seen directly imaged. Fig. 8 and Fig.9 show that some atmospheric species exhibit noticeable spectral features in reflected light (0.4 to 2µm) as a result directly or indirectly from biological activity: the main ones are O2, O3, CH4, N2O and CH3Cl (see e.g. Des Marais et al. 2002; Kaltenegger 2017) . In the visible wavelength range, the strongest O2 feature is the saturated Frauenhofer A-band at 0.76µm, with a weaker feature at 0.69µm. O3 has a broad feature, the Chappuis band, which appears as a shallow triangular dip in the middle of the visible spectrum from about 0.45µm to 0.74µm. Methane at present terrestrial abundance (1.65ppm) has no significant visible absorption features, but at high abundance, it shows bands at 0.88µm, and 1.04µm, detectable e.g. in early Earth models (Kaltenegger et al. 2007; Rugheimer & Kaltenegger 2018) . In addition to biosignatures, H2O shows bands at 0.73µm, 0.82µm, 0.95µm, and 1.14µm. CO2 has negligible visible features at present abundance, but in a high CO2-atmosphere of 10% CO2, like in early Earth evolution stages, the weak 1.06µm band could become detectable. As discussed in detail in (Rugheimer et al. 2013 (Rugheimer et al. , 2015b , features of Oxygen, water, Methane, and Carbon Dioxide are present in the visible/near IR spectrum. Aside from the dominant water features, the O2 feature near 0.76µ m is clearly distinguished in the relative reflection around all model stars. Most features appear deeper for the models using the wavelength-dependent Earth albedo compared to the flat albedo. Note that the spectra have not been multiplied by the incident stellar flux, which will reduce the reflected flux in the shorter wavelength range significantly (see e.g. Rugheimer et al. 2015b) .
Along with the differences in surface temperature and photochemical differences described previously, the resulting reflectance spectra show changes between a wavelengthdependent Earth-analog surface model versus a flat albedo model (Fig. 10 ). This shows that assuming a flat albedo can both under-or over-estimate the strength of specific chemical atmospheric signatures for Earth-like planets, depending on their host stars.
Since the wavelength-dependent Earth albedo reflects less than the flat albedo in the near IR, spectral features in the NIR will be overestimated if a flat albedo is used in an Earth spectrum model (Fig. 3) . Fig. 8 and Fig. 9 show relative reflectance for planet models with one surface as well as 30% land and 70% ocean coverage, respectively, for different host stars for clear (left) and cloudy (right) atmospheres. Note that the dashed line in both figures is the modern Earth reflection spectra, including clouds. Surfaces with lower albedo (e.g. water) reduce the reflected flux of the planet. In contrast, surfaces like sand and trees increase the overall reflectivity of a planet compared to modern Earth (dashed line).
The overall effect of the decreased stellar incident flux at shorter wavelengths for cooler stars makes atmospheric features like the 0.76µm O2 challenging to detect for cooler stars (see also e.g. Rugheimer et al. 2015b ). However, the shape of the surface albedo (e.g. sand reflection increases with decreasing wavelength compared to modern Earth) can increase and decrease the detectability of specific atmospheric features.
For atmospheric models, including clouds, the overall reflectivity of the planet increases due to the added high cloud albedo. However, the overall results from the single surface planet models discussed above hold, even though the coverage of the surface reduces due to the added 44% cloud coverage in the planet models. Earth's surface consists of about 70% ocean and 30% land. Therefore we also model this specific case to provide a second comparison set. Assuming one single surface dominates the remaining landmass (basalt, sand, trees, or snow), we explore the effect on the reflection spectra of such planets. Note that the 100% ocean covered surface has been shown in Fig. 8 . Adding 70% ocean reduces the overall reflectivity of the planet because oceans only reflect a small amount of incident light (Fig. 2) . While the overall reflected flux reduces for all models (Fig. 9) , the overall signature changes discussed above hold for the land-ocean models as well under both clear and cloudy conditions. The spectra shown in Fig.8 and Fig.9 show that increasing cloud coverage and decreasing surface coverage of individual surfaces decrease the detectable differences in reflected flux for planets with different surfaces (as discussed in Kaltenegger et al. (2007) .
Several teams has discussed observations of Earth-size planets in the habitable zone with upcoming extremely large telescopes (see e.g. Kaltenegger & Traub 2009; Kaltenegger et al. 2010; Stevenson et al. 2016; Barstow & Irwin 2016; Hedelt et al. 2013; García Muñoz et al. 2012; Snellen et al. 2013; Rodler & López-Morales 2014; Bétrémieux & Kaltenegger 2014; Misra et al. 2014) . Different surfaces of planets can influence the overall abundance of chemicals in the atmosphere, via their influence on the surface temperature of a planet and the resulting photochemical changes. Note that these changes affect most spectral lines (especially water, oxygen, and methane).
DISCUSSION
Single surface models explore the most extreme effect
Our exploration of the influence of the surface on an exoplanet's climate and spectra shows the most extreme effect for planets fully covered with a single surface (Fig. 8) .
We chose this case to explore whether wavelength-dependent surfaces affected the climate and surface temperature of exoplanet models. In addition to the most extreme case, a single 
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Colder than flat 0.31 Figure 9 . Reflection spectra for planet models with different surfaces for rocky planets in the HZ of F0V to K2V host stars, assuming 30% surface and 70% ocean coverage for (left) clear and (right) cloudy atmospheres. 
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Flat albedo Earth Model Figure 10 . Reflectance spectra differences for Earth models assuming a flat 0.31 albedo and a wavelength-dependent Earth albedo.
surface coverage, we also show a second comparison set in this paper, analog to Earth, we assume a 70% ocean coverage of the planet's surface. While the fraction of different surfaces on exoplanets in unknown, these two cases show i) the maximum effect of a surface on a planet's climate as well as ii) the reduced effect if only 30% of a planet's surface is covered with a specific surface. While many other options are possible, these two cases clearly show how the surface fraction, as well as clouds, influence the climate of Earth-like planets. Any other surface fraction can be interpolated from the cases shown. While we do not know what surfaces exist on Earth-like exoplanets, We chose the 8 dominant surfaces of our own planet here as the test cases in our models (Fig.  3) . In an exoplanet context, the interaction of wavelengthdependent surface albedo and stellar spectra has been examined mainly regarding the effect of ice-albedo feedback or special case surfaces (Abe et al. 2011; Shields et al. 2013 Shields et al. , 2014 Shields & Carns 2018) . Some of our cases resembled those previously studied with snow/ice surfaces, which we confirmed show increased heating for planets around K-stars compared to G-and F-stars.
Cloud feedback is unknown for different host stars
Cloud feedback is unknown for different host stars. We, therefore, use clouds with similar properties for all our models based on the modern Earth model, as explained in section 2 as a first-order approximation. Cloud properties and coverage depend on many factors, including planetary rotation rate, atmospheric pressure, temperature, aerosol abundance, particle size distribution, and humidity (see e.g. Zsom et al. 2012) . Cloud coverage on Earth changes seasonally and is thought to have also changed over geologic time (see e.g. O'Malley-James Brierley et al. 2009 ).
3D and 1D model exploration of rocky planets
3D models are being expanded to explore rocky exoplanets, with a large body of papers advancing a lively discussion in the literature on how to best include the feedback effects of clouds, rotation, surface features, atmospheric dynamics, and full photochemistry in 3D models (see e.g. discussions in Forget & Pierrehumbert (1997) (2017).) Our 1D model includes detailed photochemistry based on Earth's atmosphere and is, therefore, an excellent tool to explore the effect of the host's SED and the wavelengthdependent surfaces on the changes in the atmosphere of Earth-like planets orbiting different host stars. We concentrate on F, G, and K stars in this paper, where rocky planets in the HZ should not be synchronously locked to their host stars, and thus effective heat transfer in an Earth-like atmosphere can be assumed (see e.g. Joshi 2003) . We use a 1D model for this study to explore a large range of surfaces and star types.
CONCLUSIONS
Our paper demonstrates the importance of including the wavelength-dependent feedback between a planet's surface and a planet's host star for Earth-like planets in the HZ of stars with an effective temperature between 3,900 and 7,400 K, corresponding to K7V to F0V main sequence stars. The heating or cooling effect of a specific surface is due to the interplay between the host star's SED compared to the shape of the wavelength-dependent surface albedo and can substantially change the surface temperature of an Earth-like planet. Our paper demonstrates the importance of including the wavelength-dependent feedback between a planet's surface and a planet's host star for Earth-like planets in the habitable zone. Reflected light from the surface plays a significant role not only on the overall climate but also on the detectable spectra of Earth-like planets.
